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Fluorescent probes have become a valuable means for investigat-
ing cellular events in real time via fluorescence microscopy. For
such applications, chemical sensors have proven to be a valuable
tool, particularly for tracking certain metal ioA€hemical sensing
of small organic compounds is less well developed, owing to the
complexity of the cellular milieu. The major hurdle in this area is
selectivity, that is preparing a sensor which responds only to the
targeted analyte in the presence of many different potential
competitors:

Lipids are an important class of biomolecules for which artificial
receptors have been prepafethdeed, cyclodextrins have been
found to bind simple lipids in water via hydrophobic interactidns.
Lipid sensing has many potential biochemical and biomedical appli-
cations, yet selectivity between various lipids is a daunting problem.
Many different types of lipids vary only in the size and shape of
their hydrophobic surface and lack distinct functional group handles. Figure 1. Three- dlmensmnal representations of two molecular tubes. R
Herein we report a fluorescent tube-shaped sensor designed tgdroups are omitted from the models for clarity.
§e|ectivgly detect lipids on the basis of shape-selettiydrophobic Scheme 1 a
interactions.

Web and others have been interested in extended calixarene

motifs which use a naphthalene core. These calixnaphthdlepes 00
peared to be amenable to the construction of tube-like receptors HO 00
= OO

which, when rendered water-soluble, would display an open hydro-
phobic cavity suitable for binding hydrophobic guests in a man-
ner similar to that for the cyclodextrins. The distinct advantage of
a calixarene-based receptor is the ability to control the cavity di-

OO
OO
mension and thus select for one type of lipid in preference to coun HaN °f
OO
OO

another on the basis of shape. Furthermore, the naphthalene core
is fluorescent, endowing the receptor with a natural capacity for OO
sensing. R = CH,CO,Me

COH

Our initial sensor design (Figure 1) is based on a calixnaphthalene
in which two bis-naphthalene clefts are linked together by amide
connectors. The connectors were optimfzea produce an open
cavity between the two clefts. There are two orientations for linking
the two clefts: syn and anti. Modeling indicated that the syn isomer
(1a) had a rigidly defined cavity owing to steric repulsion of the 1a +1b R—CHZCO2H
four OR groups on the lower portion of the receptor. The antiisomer  aReaction conditions: (a) NaH, methyl bromoacetate, DMF 33%; ()
(1b) was more open and flexible. Four acetic acid groups (R) were malonaldehyde bis-dimethyl acetal, TFA, DCM, 76%; (c-dichloro-
expected to impart water solubility. With four appended anionic me(t)f/‘_l)fL?Etghé"!/ethSftejt'(gLPIC('grg;‘:?atg)%'\AS%‘:HNS%\% 2/'6%5(:2/
groups, the syn isomer possesses a hydrophobic and a hydrophllld;'f:A quant, (g)OP§/B?OP;Pr)§NEt DMF. 35% (1.25-1 anti:syn): (h) KlagH
end, while the anti isomer is pseudosymmetrical at the ends. MeOH, 95%.

The sensors were prepared as shown in Scheme 1. 2,6-Dihy-
droxynaphthalene was mono-alkylated with methyl bromoacetate. @Mination. Amide coupling o and5 produced the diastereomeric
The resultant mono-phenol was allowed to react with the bis-acetal Sensorsla and 1b following saponification of the methyl esters.

of malonaldehyde under acidic conditions to form the rigidly ~ Initially, the binding properties of these molecular tubes were
connected bis-naphthaleBd® Electrophilic formylation of the most ~ €xplored by NMR (40 mM NzCO; in D20). Fatty acids were used
activated peri-position on each naphthalene moietg pfoduced as guests to avoid attractive ionic interaction. Thus, the results tend
compound3. This dialdehyde was oxidized to form the diaci).( to represent hydrophobic effects rather than electrostatic interactions.
The dialdehyde could also be converted to dianfifey reductive Both receptorda and1b bound to various simple aliphatic acids

as evidenced by shifts in the aromatic region of the NMR spectra.

T Current address: Alltech Associates, Inc., 2701 Carolean Industrial Dr., State Interestingly, only in the case Of_ th? Sy_n isomer did QUESt resopances
College, PA 16801. appear at less than zero ppm, indicating that only in the syn isomer
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Figure 2. Fluorescence titration of compourig with octanoic acid in

buffer (20 mM HEPES; pH= 8.4; [La] = 1075 M; 1ex = 365 nm). (Inset)

Fit of the titration data atem = 396 nm to a single-site binding isotherm.
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Table 1. Association Constants and Fluorescence Changes of
Sensors 1a and 1b with Lipid Guests?

sensor 1la sensor 1b

entry lipid Ky (MY lall®  Ka(M™Y) lsal Io?

1 acetic acid - - - -

2 butyric acid 17 1.25 18 0.92
3 hexanoic acid 100 1.4 72  0.32
4 octanoic acid 250 0.39 190 0.25
5 decanoic acid 3,500 0.48 3,800 0.32
6 dodecanoic acid 18,000 0.47 27,000 0.31
7 trans-3-octenoic acid 92 0.61 110 0.26
8 4-methyl-octanoic acid 71  1.05 200 0.32
9 8-methyl-nonanoic acid 1,600 0.57 690 0.25
10 cyclohexane carboxylic acid 470 7.1 100 0.80
11  triethylene glycol 63 1.83 63 0.34
12 1-heptanol 4,900 0.28 6,700 0.19
13  cis-4-hepten-1-ol 1,200 1.32 5200 0.58
14 heptylamine 16,000 0.42 16,000 0.11

aMeasured by titration of with the indicated lipid under the conditions
listed in Figure 2. Error in K ist10%. P |s4is the fluorescence intensity at
saturation taken from the fit of the titration data;is initial fluorescence
intensity.

does the guest experience significant shielding by the naphthalene

rings.

The recognition properties of the diastereomeric sensors were
then probed spectroscopically in water at a pH of 8.4 to maintain
solubility of all species. As described in prior wdtkexperiments
were carried out by titrating solutions of sensor(@0 M) with
lipids such that the final concentration of each lipid never exceeded
its critical micelle concentratioH-'2 Furthermore, over the range
of concentrations used, both sensors exhibited Beer’s law behavior,

suggesting that the sensor itself did not aggregate under these

conditions. Although no change in UV absorption was observed in
either isomer upon addition of lipids, both isomers showed
significant changes in fluorescence upon addition of fatty acids
(Figure 2). Both the association constant and the maximum change

in fluorescence were highly dependent on the guest and the isomer

(Table 1). For the extended isomdb, strong fluorescence
guenching (4289%) was observed for all hydrophobic guests
except the two- and four-carbon acids (entries 1 and 2) and the
cyclic acid (entry 10). The association constants varied uniformly
as per the size and hydrophobicity of the guest with more
hydrophobic guests binding more tightly. In the case of isohaer

a pronounced difference in affinity pattern was observed. For simple
straight-chain saturated lipids, the observed trend was in line with
that observed for the anti isomer. Interestingly, introduction of
branching in the middle of the chain inhibited binding (entry 8).
However, branching at the end of a long chain was tolerated (entry
9). Alkenes in the chain give slightly lower binding constants with
thecis-alkene (compare entries 12 and 13) being tolerated less well

than thetrans-alkene (entries 4 and 7). Finally, affinity increased
from anionic to neutral to cationic guests as expected (entries 4,
12, and 14).

The unusual feature of the fluorescence data for the syn isomer
(1a) is the type of fluorescence change observed, wherein some
guests induced a fluorescergpgenchingand some induced a fluor-
escenceenhancemenExamination of Table 1 reveals that in the
case ofla only straight-chain lipids which can thread completely
through the tube produced a quenched fluorescence 13%)
similar to that seen ilb. Guests with branching, rings, ors-al-
kenes (indeed the straight-chain hydrophilic triethylene glycol) pro-
duced mild to marked fluorescent enhancements7(%). Even
short-chain lipids (entries 2 and 3) which cannot span the length
of the sensor gave a fluorescence increase. Thus, séaguos-
sesses an unusual selectivity for long, straight-chain hydrophobic
lipids.

The pair of diastereomeric molecular tutdesand 1b represent
competent sensors for all types of lipids since they recognize only
the hydrophobic surface and no other functional group. In particular,
the syn isometla reports on the presence of hydrophobic com-
pounds with shape-selective recognition by fluorescent quenching
for straight-chain lipids and fluorescent enhancement for other lip-
ids. To our knowledge, this type of spectroscopic selection between
simple lipids based only on the shape of their hydrophobic surface
is unprecedented. Although the NMR spectra of the complexes
between receptdraand straight-chain and branched lipids indicate
differences in bound-state conformation, the origin of the differences
in fluorescent responses remains unclear. The mechanism of this
fluorescence modulation is currently under investigation.

Acknowledgment. This work was supported by the donors of
the Petroleum Research Fund and the National Institutes of Health
(GM 59245).

Supporting Information Available: Experimental details and
characterization data for all new compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Chemosensors of lon and Molecule Recognitibesvergne, J. P.;
Czarnik, A. W., Eds.; NATO Advanced Study Institute Series C: 492;
Kluwer Academic Press: Dordrecht, 1997. (b) de Silva, A. P.; Gunaratne,
H. Q. N.; Gunnlaugsson T.; Huxley, A. J. M.; McCoy, C. P.; Radermacher,
J. T.; Rice, T. EChem. Re. 1997, 97, 1515. (c) Czarnik, A. WChem.
Biol. 1995 2, 423.

(2) Raker, J.; Glass, T. H. Org. Chem2002 67, 6113.

(3) (a) Breslow, R.; Zhang, Bl. Am. Chem. S04996 118 8495. (b) Marti,

T.; Peterson B. R.; Furer, A.; Mordasini-Denti, T.; Zarske, J.; Jaun, B.;
Diederich, F.; Gramlich, VHelv. Chim. Actal998 81, 109. (c) Mizutani,
T.; Kozake, K.; Wada, K.; Kitagawa, £hem. Commur2003 2918.

(4) (a) lkeda, T.; Hirota, E.; Ooya, T.; Yui, NNangmuir2001, 17, 234. (b)
Ishikawa, s.; Neya, S.; Funasaki, Bl. Phys. Chem. B998 102 2502.

(c) Lin-Hui, T.; Zheng-Zhi, P.; Ying, Y.J. Inclusion Phenom. Mol.
Recognit.1995 23, 119.

(5) For leading references on shape-selective molecular recognition with small-
molecule receptors, see: (a) Sen, A.; Suslick, KJSAm. Chem. Soc.
2000 122, 11565. (b) Zyryanov, G. V.; Rudkevich, D. Mrg. Lett.2003
5, 1253. (c) Kusukawa, T.; Fujita, M. Am. Chem. So2002 124, 13576.

(d) Herm, M.; Molt, O.; Schrader, TAngew. Chem., Int. E®001, 40,
3148.

(6) Shorthill, B. J.; Granucci, R. G.; Powell, D. R.; Glass, TJIEOrg. Chem.
2002 67, 904.

(7) Ashram, M.; Mizyed, S.; Georghiou, P. E.0rg. Chem2001, 66, 1473.

(8) Georghiou, P. E.; Li, ZTetrahedron Lett.1993 34, 2887.

(9) Other types of linkers allowed the tube to collapse upon itself. Linkers
were examined using Monte Carlo calculations with Macromodel 6.5;
MM3 (no solvent) and Amber (water solvation) force fields.

(10) (a) Tunca, A. A,; Talini, N.; Akar ATetrahedron1995 51, 2109. (b)
Roseneau, T.; Potthast, A.; Hoffinger, A.; KosmaARgew. Chem., Int.
Ed. 2002 41, 1171.

(11) Mukerjee, P.; Mysels, K. Lritical Micelle Concentrations of Aqueous
Surfactant System#ational Standard Reference Data System: Wash-
ington, DC, 1970.

(12) See Supporting Information.

JA047639D

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 12733



